In this work ceramic foams of 3 and 8 mol% yttria-stabilized zirconia (3YSZ and 8YSZ) were manufactured by the replication method using polystyrene-polyurethane foams with pore sizes in the 7-10 ppi range. A second coating was carried out on presintered foams in order to thicken struts and hinder microstructural defects. The produced ceramic foams were structurally and thermomechanically characterized. Samples recoated with 3YSZ presented the highest relative densities (0.2 ± 0.1) which contributed to a better mechanical and thermal behavior.
Introduction
Porous radiant burners are devices used in applications benefit from radiant thermal heating. Numerous industries employ this technology for firing and drying, lower pollutant emission, and better product quality reached with these burners [1, 2] .
Other functional advantages are a higher flame velocity within the porous structure when compared to a laminar free flame (due to the preheated of reagents), higher turn-down ration, higher efficiency in heat transfer by radiation, and the possibility of burning low calorific value fuels or very lean mixtures [3] .
Ceramics foams for porous radiant burners are mainly produced by the replication method from polymeric templates. The method consists in the impregnation of a polymeric sponge with a ceramic slurry followed by a heat treatment which leads to the burning out of the organic body (sponge) and to the sintering of the ceramic skeleton [4] . Along the manufacture process, there are key parameters that must be taken into account to ensure the final product effectiveness. Among them, the most important are the linear expansion coefficient, maximum working temperature and thermal shock resistance of the ceramic material, thixotropy and pseudoplasticity of the ceramic slurry, and, finally, the heating rate of the thermal treatment. According to the above, the most reliable ceramic materials to work with are cordierite, mullite, silicon carbide, alumina, partially stabilized zirconia (YSZ), and some composite systems [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Cellular ceramics are already commercially available for a wide range of technological applications including filters, membranes, catalytic substrates, thermal insulation, gas burner media, refractory materials, and lightweight structural panels [5] [6] [7] . In these cases, reticulated porous ceramics are used because of their functional properties, such as low thermal expansion coefficient and thermal conductivity, high permeability, and chemical inertness [7] . Considering the particularities associated with each specific application, reticulated porous ceramics are prepared and consolidated.
Variations of this method employ organic structures, such as wood or cellulose-based materials, as templates for the production of reticulated porous ceramics [3] . The use of a second coating applied to the presintered foams has been reported as a way of enhancing the mechanical resistance due to the thickening of the struts. This procedure hinders microstructural defects that are left in the walls of the ceramic foams during the burning out of the organic components [14] [15] [16] .
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∘ C) porous burners [17, 18] . Nevertheless, phase transformations that are dependent on temperature and composition are obstacles to a broader application of this material in radiant burners. Yttria-stabilized zirconia (YSZ) has been developed to hinder allotropic changes among the zirconia phases by replacing zirconium (Zr 4+ ) by yttrium ions (Y 3+ ) into the zirconia matrix [4] . Monoclinic is the most stable phase at room temperature, but YSZ allows tetragonal and cubic phases to be stable at lower temperatures with enhanced mechanical, thermal, and electrical properties.
The aim of this work was to evaluate the functionality, quality, and thermomechanical strength of 3 and 8 mol% yttria-stabilized zirconia (3YSZ or 8YSZ), as base materials for the porous radiant burners. From the mechanical point of view, 3YSZ would be the best option, but 8YSZ was chosen due its high oxygen ion conduction while blocking electronic conduction. This feature makes 8YSZ the standard electrolyte material for solid oxide fuel cells (SOFC), which must be operated at intermediate to high temperatures (600 to 1000 ∘ C). The motivation in this case is to associate a porous burner to a no-chamber SOFC, providing compatibility between both devices [19] .
Materials and Methods

Materials.
The starting materials were 3YSZ (TZ-3YB-E, Tosoh, Japan), with a mean particle size (d50) of 0.45 m and density of 6.05 g/cm 3 , and 8YSZ (YSZ8-U1, NexTech, USA) with a mean particle size (d50) of 0.32 m and density of 7.80 g/cm 3 . Ammonium polyacrylate (NH4PAA, Darvan, 821-A, Vanderbilt, USA) was used as dispersant and polyvinyl alcohol (PVA, (CH 2 CH(OH) ), molecular weight: 70-100 g/mol Vetec, Brazil) as binder. To obtain a homogeneous slurry without bubbles, an antifoamer emulsion based on silicone was needed, (Sigma-Aldrich, Brazil).
Finally, for the manufacture of the ceramic foams by the replication method, a polystyrene-polyurethane foam (Crest Foam Industries, USA) with an average pore density of 10 ppi and nominal density of 0.03 g/cm 3 was employed.
Methods.
Ceramic powders were characterized by zeta potential (Zetananosizer, Malvern, USA) and X-ray diffraction (X'pert, PW3710, Phillips, the Netherlands), based on 0.05 ∘ step, 1 s of step time, and a reading interval of 2 from 0 ∘ to 118 ∘ . Rheological studies were performed for both 3YSZ and 8YSZ suspensions. The effect of the solids load, varied between 75 and 77.5 wt%, and binder amount, varied between 3.5 and 4.5 mass% suspension weight (base: 100 wt%), were evaluated. The ceramic foams were manufactured by the replication method. The impregnation step consisted in soaking the compressed sponge into the ceramic suspension and then releasing the tension so that the sponge could absorb as much as possible of the slurry. Subsequently, it is taken out to be wrung and remove all the slurry in excess, followed by a very soft air-spray to open the closed cells. Finally, it is dried under room temperature during 24 h and then presintered according to the following thermal cycles: 1 ∘ C/min from 25 to 200 ∘ C; 0.5 ∘ C/min to 600 ∘ C; then 5 ∘ C/min to 1150 ∘ C with a holding time of 2 h. Subsequently, the samples were cooled (at 10-15 ∘ C/min) down to the room temperature.
A second coating was applied (in some cases) with a lighter suspension of the same material (70% solids, 3.5% binder). The sintering step was carried out with a heating rate of 7 ∘ C/min from room temperature to 900 ∘ C and 3 ∘ C/min to 1600 ∘ C, with a holding time of 2 h, and then samples were cooled (at 10 ∘ C/min) down to room temperature.
The sintered YSZ foams were characterized by its relative density and total porosity, wherein the geometrical density was calculated by measuring the mass and volume of the samples and the solid material density by helium picnometry.
Scanning electron microscopy (SEM, Phillips XL 30, the Netherlands) was used to access the microstructure of foams. Mechanical properties were measured according to usual procedures (compression strength [20] , thermal shock resistance [21] ). Finally, the foams were tested as porous radiant burners, at a constant fuel/air mixture ratio of 0.9 at different time cycles: 10 min −1 cycle, 10 min −5 cycles, and 360 min −1 cycle.
The mechanical testing was performed in 10 cylindrical samples (diameter equal to height) of sintered YSZ. The load velocity was 0.5 mm/s, based on the work of Elverum et al., [20] with the aim to compare results and materials. A universal mechanical testing machine was employed (DL2000, EMIC, Brazil).
The thermal shock test consisted in exposing the ceramic foams with a prismatic shape (170 × 30 × 25 mm) at high/low temperatures based on ASTM C1198-96 [22] . The samples were placed into a muffle furnace at 1000 ∘ C during 15 min and taken out and immediately cooled by forced air (hair dryer) to room temperature. This procedure was repeated 4, 8, and 12 times. The loss of the mechanical properties caused by the induced thermal shock was verified by measuring Young's modulus. This parameter was measured by a nondestructive method, submitting the ceramic foam to an impulse which excites the natural vibration frequencies of the structure. Young's modulus is related to the natural frequency, geometric dimensions, and mass of the ceramic foam sample by
where is the Young modulus, is the sample mass,
, , are the width, the length, and the thickness of the sample, respectively, is the fundamental frequency, and The total damage in the ceramic structure due to the thermal shock may be estimated from
where is the total damage factor, from 0 to 1, is the last calculated Young modulus, is the last calculated mechanical strength, 0 is the initial Young modulus, and 0 is the initial calculated mechanical strength. The chart in Figure 1 represents the above-described thermal shock test.
An experimental test with the ceramic foams as porous burners was performed. The test employed disk shaped samples, with 35 mm diameter and 35 mm thickness, fitted inside a steel tube using a fiber mat to thermally insulate the ceramic foams from the tube wall. The burner was fed with a natural gas and air mixture with fuel equivalence ratio of 0.9. The flame, after approximately 2-3 min after ignition, was stabilized within the porous matrix. The outlet surface of the burner was allowed to radiate heat freely to the external ambient. The burner was submitted to periods of continuous operation of 10 min and 6 h. The adiabatic flame temperature corresponding to this equivalence ratio is approximately 2150 K [23] . This high operation temperature was specified with the aim to test the intrinsic properties of the YSZ samples.
The double-coated 3YSZ samples worked at the specified equivalence rate and with a flame velocity of 15 cm/s, as shown in Figure 2. Figure 3 shows the X-ray diffractograms obtained for the zirconium powders. As expected, 3YSZ (Figure 3(a) ) corresponds mainly to the tetragonal phase, with a minor presence of monoclinic phase, which may be seen as little isles in the tetragonal matrix, which might contribute to a higher fracture toughness to the material [24] . For 8YSZ (Figure 3(b) ), sharp peaks correspondent to the cubic phase were detected, as expected. This phase is known to present a characteristic grain growth, which reduces the mechanical resistance of the material [25] . 
Results and Discussions
X-Ray Diffraction.
Rheological Characterization.
The effect of the dispersant on the isoelectric point (IEP) of the materials was evaluated. In Figure 4 it is shown how the pH at the IEP is shifted from the basic to the acid range. The 3YSZ suspension has its original IEP at pH 6.9, the value that converges with the ones found in the literature, [26, 27] , this IEP was fell in the range of 5.2 to 7.2. Adding one drop of dispersant to the solution, the IEP was then located at a pH 2.9. The same feature might be observed for the 8YSZ suspension. IEP is originally at pH 7.5, the value which converges with the IPE's of 8YSZ powder (Sigma-Aldrich) at 9.2 and the 8YSZ powder (Innovano) at 7.2. Adding a dispersant drop, the IEP moves to 3.2. This phenomenon is attributed to the change of the electrochemical properties of the particles surface when the dispersant particles are attached to them [26, 27] . Four formulations were analyzed for each material, as previously described. The guide parameters were the pseudoplasticity and thixotropy, rheological properties that should be present in any suspension to be applied in the replica method. A high viscosity is desired at low shear stress and a low viscosity when at high shear stress. This ensures, respectively, that the slurry will flow into the reticulated structure by the impregnation, and, when at rest, the slurry will be strongly adhered to the polymeric walls. A high thixotropy (large area between the flow curves) corresponds to the facility that the slurry will recover its initial viscosity after the impregnation process [28, 29] . Figure 5 shows the thixotropy graphs of both systems, where those two properties can be observed. solids and 3.5% binder. In the case of 8YSZ ( Figure 5(b) ), the formulation with 77.5% solids and 4.5% binder was selected.
The maximum amount of solids is naturally desired [3, 14, 27, 30] . In Figure 5 the thixotropy curves present different behaviors. The steeper the curve, the higher the viscosity at high shear stress and consequently the higher the initial viscosity [15] . Those characteristics provide a thicker layer when coating and, consequently, higher homogeneity and better densification of the material [14] .
Physical Characterization of Foams.
Relative density and porosity were determined for the three classes of yttriastabilized zirconia foams produced, Table 1 .
Higher relative density values were obtained for double coated 3YSZ in comparison to single-coated 3YSZ and 8YSZ.
This result is a consequence of the slightly larger amount of solids in the cellular structure, which also affects the porosity of the ceramic foam.
Images obtained by SEM allow for having an overall view of the foam structures obtained. Figure 6 presents the different types of foams manufactured. Figures 6(a) and 6(b) correspond to single-coated 3YSZ and 8YSZ, respectively. Homogeneous surfaces with few microstructural defects are observed, as micropores inside the struts and minicracks. Figure 6 (c) corresponds to a double-coated 3YSZ foam showing how the internal surfaces have more micropores and microcracks than the external walls. Moreover, the vertices are rounded after the recoating, which might enhance the mechanical strength of the structure [14] . Figure 6(d) shows typical defects, characteristic of the replica method. Nevertheless, the thicker walls obtained with a recoating are seen, as well. Journal of Ceramics 3 ) R e l a t i v e d e n s i t y , Porosity (%) 3YSZ, double coated 
Mechanical Characterization of Foams.
The mechanical strength of the double-coated 3YSZ samples (2.3 ± 0.7 MPa) is higher than that of the single-coated 3YSZ (0.8 ± 0.3 MPa) or 8YSZ samples (0.30 ± 0.04 MPa). This fact is owed to the lower density of microstructural defects and thicker walls for the 3YSZ double-coated samples. The average mechanical strength of samples was 2.3 ± 0.7 MPa which is comparable to the values found by Elverum et al. [20] , in which average mechanical strength was of 1.8 MPa.
The compression strength test was also applied to samples which could overcome the burning test. Figure 7 presents the results obtained of a sample of double-coated 3YSZ that was tested as a porous burner in comparison to the best result obtained for a sample of the same group in Table 2 . As can be seen, the mechanical properties of the tested sample were deeply reduced, with a maximum strength of 0.087 MPa, corresponding to 2.6% of the 3.37 MPa of the nontested sample. Table 2 presents the fundamental frequencies and the corresponding Young moduli of the samples subjected up to 12 thermal shock cycles. As it can be seen, after 12 cycles, the highest Young modulus belonged to the double-coated 3YSZ samples. The 8YSZ samples could withstand just up to 8 cycles.
The total damage done to the structure due to the thermal shock test (DE, Figure 8 ) is lower for the single-coated 3YSZ sample (between 20-28%), while the double-coated 3YSZ samples presented a loss between 55 and 70%, and the singlecoated 8YSZ sample had a loss of 80% related to the original Young modulus. The fact that the damage done to the single-coated 3YSZ samples was lower than that for the double-coated 3YSZ samples could be explained by the higher porosity that the former samples presented. Higher porosity contributes to relax the thermal stresses that are produced during the thermal shock and also to hinder the growth of microcracks [31, 32] .
Porous Burners
Performance. Double-coated 3YSZ samples maintained the structural integrity without any evidence of chemical reaction after contact with the flame. The maximum temperature within the burner reached 1600 ∘ C, smaller than the adiabatic flame temperature due to the surface heat transfer to the external ambient. Still, this is a very high temperature for the continuous operation of porous burners [33] . Figure 9 shows YSZ samples after 6 h operation as porous burners. It can be observed that the external reticulated structure kept its integrity; the internal struts, where the second coating was hindered, were broken. For the singlecoated 3YSZ samples just part of the walls and the inferior base maintained the original structure, as it can be seen in Figure 9 (b). The average operational temperature achieved was between 1450 and 1500 ∘ C. The samples of 8YSZ could not operate at the equivalence ratio of 0.9, which was then reduced to 0.8. They presented an average operational temperature between 1300 and 1350 ∘ C, for both standard periods. Figure 9 (c) shows one of the tested samples, where it can be seen that the structure was severely destroyed when after contact with the flame.
Conclusions
The rheological properties of the 8YSZ suspension were more adequate than those of the 3YSZ suspension, due to the smaller particle size of the 8YSZ powder and the higher amount of binder.
Applying a second coating on to the presintered foams enhanced the structure morphology, hindering the formation of micropores, microcracks, and holes after burning organics. In this case, superior thermomechanical properties were achieved.
The highest thermal shock resistance corresponded to the samples of single-coated 3YSZ, presenting 25% damage, related to the Young modulus, due to the high porosity. Nevertheless, the samples of double-coated 3YSZ presented the highest Young modulus after the 12 thermal shock cycles.
Only the samples of double-coated 3YSZ withstood satisfactorily the porous burner test. Those samples achieved high work temperatures (1550-1600 ∘ C) during up to 6 h of operation at the highest equivalence ratio (0.9).
